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We study the problem of supporting ranked queries in
middleware environments, where queries are evaluated over
multiple sources. In particular, we study Web middleware
scenarios, querying over various Web sources. To motivate,
consider a Web “travel agent” scenario for finding restau-
rants and hotels, as Examples 1 and 2 illustrate. (We use
this real scenario as “benchmark” queries for experiments
as well.) In particular, how to access sources with different
capabilities and costs, to answer queries efficiently? As our
Web middleware coordinates various sources, each source
access will incur network communication and server com-
putation. This paper aims at optimizing such access costs–
which dominate the overall query processing (like I/O in
relational DBMS).

Example 1: To find top-� restaurants (say, in the Chicago
area) that are highly-rated and close to “myaddr,” a user may
ask a ranked query �� (in SQL-like syntax):

select name from ���������� r
order by ����������(r.stars), ���	
(r.addr, myaddr)�
stop after 5 (Query ��)

For query answering, our middleware will access Web
sources to evaluate the predicates, e.g., ������, into scores
in [0:1], which are then aggregated by some scoring func-
tion� , e.g.,� � ���, to return the highest-scored 5 restau-
rants.

Our middleware can use various sources in query an-
swering: Figure 1(a) shows one possible scenario: For eval-
uating ���	
 : superpages.com is capable of 1) returning the
���	
 score for a specific restaurant (“random access”) and
2) returning restaurants in their descending order of scores
(“sorted access”). For ������: dineme.com similarly pro-
vides both sorted and random accesses.

The middleware will coordinate these accesses to find
the top results. Such accesses are typically expensive (as
compared to local computations) with varying costs: To
characterize, Figure 1(a) shows the average access latency
(thus including both network and server times) of both

Figure 1. Scenarios for (a) �� and (b) ��.
sorted and random access (denoted �� and �� respectively)
for each predicate: In this scenario, random accesses are
more expensive in both sources (i.e., �� � ��), but with
different actual scales (i.e., ��) and ratios (i.e., ��

��
).

Example 2: Consider query�� for the top-� hotels that are
close, with high star-rating, yet within the budget:

select name from ����	 h
order by �	
(���	
(h.addr, myaddr),

������(h.stars), ��
��(h.price))
stop after 5 (Query ��)

Figure 1(b) describes another scenario, with hotels.com
providing sorted access to all predicates. In this setting,
since a sorted access (e.g., for ���	
) also retrieves all at-
tributes of a hotel (e.g., “stars” and “price”), the subsequent
random accesses1 to the same hotel are essentially of zero
access costs– e.g., using “stars” and “price,” the middle-
ware can locally compute ������ and ��
��. This scenario
significantly contrasts with expensive random accesses of
Example 1.

Our goal is to develop middleware algorithms to min-
imize access costs. While there have been many middle-
ware algorithms e.g., FA [4, 10], TA, CA, NRA, TA� [5],
Quick-Combine[6], Stream-Combine [7], SR-Combine

1In a middleware, random accesses to an object � can only occur after
� is first “seen” from sorted accesses– or, “no wild guess” [5].
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Figure 2. Access scenarios and algorithms.

Framework NC(Q, D): Necessary Choices
Input: query Q = (F(p1, . . . , pm), k),

database D= {u1, . . . , un}
Output: K, top-k objects from D w.r.t. to F
1) P ← φ; //accesses-so-far
2) KP ← {v1, . . . , vk | top-k from D ranked by FP [·]};
3) while (U ← {vj |vj ∈ KP ; vj is incomplete})
4) vj ← any object in U ; //e.g., the highest-ranked
5) Nj ← {sai, rai(vj)| pi[vj ] is undetermined by P};

alternatives ← Nj ;
6) Select access A from alternatives;//access selection.
7) perform A; update KP ; P ← P ∪ {A};
8) return K= KP ;

Figure 3. Framework NC.
[1], MPro [3], and Upper [2], supporting different subspace
of scenarios as Figure 2 illustrates, we argue they do not sat-
isfy Web querying requirements, by compromising gener-
ality and adaptivity: First, they have mostly been designed
with specific cost scenarios in mind (e.g., FA for scenar-
ios where sorted access and random access have same “uni-
form” costs for all predicates), while Web sources are het-
erogeneous with widely varying access capabilities and cost
(e.g., as real sources show in Figure 1). Second, they largely
lack systematic runtime optimization, while Web cost sce-
narios dynamically change over time (e.g., depending on
source load and availability).

Toward this goal of general yet adaptive framework, we
take a “cost-based optimization” approach– By dynamic
search over a space � of possible algorithms, cost-based
optimization is general across virtually all cost scenarios,
yet adaptive to the specific one at runtime. While such opti-
mization has been “taken for granted” for relational queries
from early on [9], it has been clearly lacking for ranked
queries, due to the following challenges: To begin with,
what is a “complete” yet “focused” space � of top-� algo-
rithms, to search over? Given the space, what is an effective
search scheme to identify the optimal algorithm in �?

Our work realizes such cost-based optimization for top-
� queries, accomplished by systematically addressing such
challenges: First, we develop a focused algorithm space to
search over, without compromising generality. To induce
this space, our approach hinges on developing an abstract
framework, inspired by relational algebraic framework with
logical operators: Our framework NC (Figure 3) identi-
fies “logical tasks” for top-� queries such that query pro-
cessing is equivalent to fulfilling a set of (necessary and
atomic) tasks ���� � � � � ���. With this view, Framework
NC achieves both generality and specificity by focusing
only on unsatisfied tasks– As Figure 3 illustrates, during
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Figure 4. Comparison of total access costs.

processing, when a set of accesses � has been performed,
Framework NC focuses on a set of accesses �� , specifi-
cally satisfying unsatisfied �� . Second, with complete and
focused search space � defined, we develop systematic op-
timization schemes, which are empirically validated to well
balance both the overhead and the quality of optimization.

In summary, our contributions are as follows:

� Conceptual unification: By realizing cost-based opti-
mization, our framework unifies and generalizes beyond
existing top-� algorithms, as our extended report [8] dis-
cusses.

� Practical optimization: By dynamic search over the
space, our framework indeed optimizes to the specific
access costs at run time– Figure 4 shows how our frame-
work outperforms existing algorithms in our Web bench-
mark scenarios. However, we stress that, while we
study Web querying, our approach is generally applica-
ble in any middleware environments (e.g., multimedia
systems [10]), where access costs are significant– Our
extended report [8] reports our extensive evaluation over
a wider range of synthesized middleware settings as well.
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